Italian in 1954, so Imanishi turned to the exploration of the unexplored wide range of Karakorum Himalayas, traversing the three major glaciers in 1955.
Then, in 1958, Imanishi and Itani went to Africa for the first time. In the same year, Nishibori led the all-Japanese team which succeeded in the first over-wintering stay in Antarctica. Kuwabara led the Himalayan expedition of AACK to the first ascent of Chogolisa (7,654 m) in Karakorum. Imanishi, Nishibori, and Kuwabara seem to have been triplets, sharing the same pioneering spirit, wanting to go to places where no one had been before. The year 2008 is the 50 th anniversary of the exploration in Africa, Antarctic, and Himalaya for the field workers of Kyoto University.
Why were Imanishi and his comrades so strongly motivated to be such pioneers? History suggests that it was the atmosphere of freedom in the 1920s, and the silent invasion of the pioneering spirit from the West to the minds of the young people in the Far East. It may be due to Albert Einstein . He received the news of winning the Nobel Prize for Physics on his way to Japan for his first visit. Einstein and his wife arrived in Japan in November 17 th 1922 and stayed for 43 days. He toured Japan and talked about how he came up with the general theory of relativity. When Einstein gave a plenary talk at the Kyoto Imperial University, Nishibori was given the role of his tour guide for three days ( Figure 4 ). It is easy to imagine how the young person was powerfully influenced by the charismatic Nobel prize winner and how the excitement was shared by Imanishi, his closest friend.
Let us imagine an autumn day in 1922 in Kyoto. There were Imanishi, Nishibori and Kuwabara, living in a very small area less than a square kilometre. They were in their late teens, preparing to tackle the world outside Japan. Inspired by Einstein's pioneering work, they wanted to understand the world around them. The wind from the West may have triggered the young minds to look for their own intellectual niches.
The spindle assembly checkpoint
Gianluca Varetti 1 and Andrea Musacchio 1, 2 Mitosis, the process of eukaryotic somatic cell division, consists of a series of consecutive, highly regulated events. It leads to the generation of two daughter cells containing identical complements of the genome. When mitosis fails, the daughter cells inherit an abnormal number of chromosomes (aneuploidy). This has dire consequences on cell physiology and might facilitate tumorigenesis. Here, we describe the organization of the spindle assembly checkpoint (SAC), a sophisticated surveillance mechanism that acts in mitosis to ensure the fidelity of chromosome segregation.
Mitosis and the SAC: general remarks
Classically, mitosis has been subdivided on the basis of the morphological features of its successive phases. In prophase, the replicated chromosomes (sister chromatids) begin to condense. Nuclear-envelope breakdown marks the beginning of prometaphase (in those organisms performing 'open' mitoses). In prometaphase, the sister chromatids individualize along the chromosome arms but remain associated at a visible constriction called the centromere that retains most of the cohesion between sister chromatids. Microtubule nucleation at the centrosomes increases, leading to the formation of a mirror-symmetrical, microtubule-based structure -the mitotic spindle -to which chromosomes attach. In metaphase, the chromosomes have completed congression to the equatorial plate of the spindle and are attached to robust microtubule fibers -the K-fibers. In anaphase, the sister chromatids have lost cohesion and physically segregate towards opposite poles of the spindle. In telophase, chromosomes decondense and a nuclear envelope reforms around the two masses of chromatin. The cleavage furrow ingresses and causes the physical Primer Kinetochore-microtubule attachment From the above, it can be inferred that the SAC acts as a synchronization device that ensures the continued delivery of mitotic cyclin-dependent kinase activity for precisely the amount of time that is required to complete the attachment of chromosomes to spindle microtubules ( Figure 1 ). The site of chromosomemicrotubule attachment, named the kinetochore, is described below. Kinetochore-microtubule attachment is, at least in part, a stochastic event, whose execution is jointly explained by the 'search and capture' mechanism and by additional centrosome-independent pathways of microtubule nucleation and spindle assembly.
The search and capture model proposes that centrosome-nucleated microtubules, which are characterized by an intrinsically high dynamic instability, explore the surrounding space through the addition of tubulin at their plus ends, until they are captured and selectively stabilized at kinetochores [2] . The initial capture usually involves the lateral surface of microtubules, but the attachment progressively matures into a stable end-on attachment, where microtubules point perpendicularly towards the outer kinetochore plate. Attachment to kinetochores stabilizes the microtubule plus ends, as shown by an increased microtubule lifetime compared with astral microtubules growing away from the spindle. We do not yet have a full physical explanation of kinetochore-mediated stabilization of microtubules, but it likely invokes the binding and stabilization of the microtubule plus ends by specialized kinetochore components.
The existence of alternative pathways for spindle formation is revealed by the fact that mitotic spindles can assemble in a centrosome-independent manner through a self-organization process whose epicenter is located around chromatin [3] . The small G-protein Ran and Aurora kinase family members have been implicated, together with additional proteins, in the centrosomeindependent pathways of spindle assembly. The alternative pathways provide chromatin (and possibly kinetochores themselves) with the ability to nucleate microtubules in the proximity of the microtubuledivision of the two daughter cells (cytokinesis).
The SAC is the only known checkpoint that acts in prometaphase and its ultimate goal is to control the timing of anaphase. The SAC aims to delay sister-chromatid separation until all the chromosomes are attached to the mitotic spindle in what is known as bipolar (or amphitelic) attachment ( Figure 1A) . In this configuration, each pair of sister chromatids contacts microtubules emanating from opposite poles of the spindle. Bipolar orientation is the only configuration of attachment that is compatible with an even distribution of the genome to the daughter cells after the sister chromatids lose cohesion.
A brief molecular digression
From a molecular perspective, the machinery of the SAC is conserved from yeast to humans. This machinery, which will not be analyzed here in detail as it has been thoroughly described elsewhere [1] , consists of the products of the MAD (mitotic arrest deficient) and BUB (budding uninhibited by benzimidazole) genes, of the Mps1 and Aurora B/Ipl1 kinases, and additional accessory factors. The ultimate goal of the SAC machinery is the inhibition of the anaphase promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase whose activity is required for sister-chromatid division and exit from mitosis ( Figure  1 ). The two major substrates of the APC that are protected by the SAC are cyclin B and securin. Cyclin B, a mitotic cyclin, binds to and activates cyclin-dependent kinase (Cdk) 1, the master mitotic kinase whose activity is responsible for entering and maintaining mitosis. As the degradation of cyclin B causes a decrease in Cdk1 activity, which in turn results in the activation of a mitotic-exit pathway, the SAC promotes the stability of Cyclin B to maintain the mitotic state. Securin is a stoichiometric inhibitor of the protease separase and its degradation leads to the activation of the protease. Separase targets cohesin, the multiprotein complex necessary for sister-chromatid cohesion, causing physical segregation of the chromosomes. By stabilizing securin, the SAC ensures that sisterchromatid cohesion is not prematurely lost prior to the attachment of the sister kinetochore pairs to the mitotic spindle. attachment site, thus increasing the likelihood of establishing kinetochoremicrotubule attachments rapidly.
Activation of the spindle assembly checkpoint
Because the SAC permits entry to the next phase of the cell cycle only when bipolar attachment has been achieved, the designation of the SAC as a true 'checkpoint' is generally accepted. In most eukaryotes a lack of bipolar attachment is a normal (i.e., intrinsic) condition that occurs when kinetochore-microtubule connections begin to form early in prometaphase. Correspondingly, in most metazoans the SAC is a constitutive, essential pathway whose abrogation almost invariably causes massive genomic instability, as well as cell and organismal death (see below). An exception to this paradigm is the case of Drosophila melanogaster, in which the absence of the SAC is not lethal under conditions in which the normal execution of mitosis is not impaired [4] . This exception might reflect different levels of robustness and efficiency of spindle assembly and kinetochore-microtubule attachment in different species. The SAC is also dispensable in yeast, where it is only required when mitosis is perturbed by conditions that alter the physiology of the kinetochore-microtubule attachment process.
Several non-physiological (i.e., extrinsic) conditions that interfere with different aspects of attachment also result in SAC activation. For instance, disruption of spindle assembly or spindle function upon treatment with drugs affecting microtubule dynamics, such as nocodazole or taxol (microtubule-polymerizing and microtubule-stabilizing agents, respectively) results in strong checkpoint activation. The SAC is also activated upon depletion or inactivation of several kinetochore, centromere, and spindle components that are not required per se for SAC proficiency. For instance, preventing the formation of a bipolar spindle by inhibition of proteins implicated in centrosome separation, such as the kinesin Eg5, is a SAC-activating condition.
SAC and the timing of mitosis
The timing of anaphase onset in metazoan cells can vary significantly from cell to cell, reflecting the intrinsically stochastic process of chromosome attachment and subsequent congression to the spindle equator. To prevent cells from progressing into anaphase with unattached or incorrectly attached chromosomes (i.e., prematurely), the SAC synchronizes the degradation of critical cell-cycle substrates with the completion of bipolar kinetochoremicrotubule attachments.
A practical and representative illustration of these concepts, as they apply to human cells, is seen in the distribution of anaphase-entry times in a HeLacell population with a proficient SAC and dividing in the absence of extrinsic checkpoint-activating conditions (e.g., spindle poisons). The distribution is skew-normal (a skew-normal distribution deviates substantially from the normal distribution only in its 'skewness', a measure of the asymmetry of the tails of the distribution). The peak time of anaphase entry is 25 minutes (when considering nuclear-envelope breakdown as time zero) [5] . In ~20% of cells, however, entry into anaphase can take up to 80 or more minutes, and these delayed cells invariably contain chromosomes that are still attempting to create sturdy connections to the spindle. With an unperturbed SAC, control cells are almost never observed to separate sisters prior to proper bipolar orientation of all sister pairs.
Conversely, upon depletion of Mad2 and BubR1, the distribution of anaphase times is normal rather than skew-normal, the peak time of anaphase entry is reduced to 12-14 minutes, and cells proceed prematurely into anaphase with misaligned chromosomes (checkpoint override, also referred to as precocious anaphase). Upon depletion of other SAC proteins, including Mad1, Bub1, and Bub3, the peak of anaphase occurs at 22-25 minutes, quite similar to that observed in control cells, but again the distribution is normal, rather than skew-normal, and cells whose chromosomes are not properly aligned around peak time will exit mitosis prematurely. While the slight differences in anaphase timing after depletion of different SAC components likely reflect specific differences in their molecular function, the trait linking the phenotypes described above is that human cells devoid of SAC activity will exit mitosis with at least one unattached or improperly attached kinetochore.
What happens if the same measurements are carried out under The 'Wait!' signal is created by the SAC and it targets the APC/C. Biochemically, this allows Cdk1-cyclin B to remain active and separase to remain inactive (the latter through securin-mediated inhibition). The cell shown in this series quickly manages to align its chromosomes at the metaphase plate. All sister kinetochores are now attached (yellow dots) to thick kinetochore fibers (thick black lines). This condition satisfies the SAC. At this point the APC/C becomes activated, cyclin B and securin are polyubiquitylated and destroyed by the proteasome, Cdk1 is inactivated, separase is activated, and anaphase can commence, followed by mitotic exit. (B) A series of events similar to that shown in (A), but, in this case, a couple of chromosomes fail to attach and continue to emit the 'Wait!' signal. More time elapses than that in (A), but, because the stability of cyclin B and securin is tuned on the 'Wait!' signal, these proteins are stabilized for the time required to achieve metaphase. After metaphase, the two cells follow the same path.
bi-orientation, and mechanisms exist to suppress the appearance of ectopic kinetochores.
The inner kinetochore 'sits' on centromeric chromatin containing the histone H3 variant CENP-A. Several CENP-A-associated proteins in the constitutive centromere-associated network (CCAN) are present at the inner kinetochore throughout the cell cycle. The CCAN is required for kinetochore assembly in mitosis through the timely regulated recruitment of additional kinetochore components implicated in microtubule binding and SAC control.
Besides bridging spindle microtubules to chromosomes, kinetochores also contain activities that correct erroneous microtubule attachments that may be established accidentally during prometaphase. The mitotic kinase Aurora B has been implicated as a correction factor, since interference with its activity results in the accumulation of improper (syntelic and merotelic) chromosome attachments (a syntelic attachment occurs when both kinetochores in a sister kinetochore pair are bound to microtubules originating from the same spindle pole whereas a merotelic attachment occurs when a kinetochore in a pair of attached sister kinetochores is bound to microtubules originating from both spindle poles). Aurora B directly phosphorylates kinetochore components involved in microtubule binding and in microtubule dynamics. Specifically, Aurora B phosphorylates the Ndc80 complex, an essential constituent of an outer kinetochore protein network (the KMN network), which is implicated in direct binding to microtubules, and modulates the affinity of Ndc80 for microtubules. Aurora B also phosphorylates MCAK, a protein that modulates microtubule stability near the centromere-kinetochore region.
Kinetochores are also instrumental for the activation of the SAC. A classical proof of this statement is the observation that ablation of the last unattached kinetochore in vertebrate cells results in SAC inactivation [7] . Several observations support the hypothesis that kinetochores act as catalytic scaffolds for the production of a SAC-activating signal whose ultimate goal is the inhibition of the APC/C. The molecular details of the role of kinetochores in SAC activation are beginning to emerge extrinsic checkpoint-activating conditions, such as the addition of a spindle poison? Under continued drug treatment, SAC-proficient human cells can maintain the mitotic arrest for up to 24 hours or longer, after which they undergo a process called mitotic 'slippage', 'leakage' or 'adaptation', whose molecular causes are still largely unclear [6] . The outcome of adaptation to conditions that prevent correct completion of mitosis, such as the continued presence of spindle poisons, is a G1 'restitution' nucleus containing both original copies of the genome. In contrast, SAC-deficient cells will exit mitosis as quickly as during unperturbed mitoses, as they are unable to stabilize cyclin B and securin in response to the extrinsic checkpoint-activating condition.
This scheme is often made more complicated by the fact that incomplete repression of SAC proteins (e.g., by RNA interference or drug treatments) does not necessarily prevent a strong residual checkpoint response to intrinsic and extrinsic stimuli, probably due to the strong amplification properties of the checkpoint network and to redundancy in the biochemical network. Thus, the identification of subtle checkpoint defects is rather demanding and great caution must be exercised in the interpretation of the experiments. Bub1 offers a classical example of this type of (only apparently) contradictory behavior. Partial ablation of Bub1 (up to at least 95% of its normal levels!) results in strong checkpoint activation, which is due to the inhibition of a parallel role of Bub1 in certain aspects of kinetochore-microtubule attachment. Conversely, complete ablation of Bub1 results in a SAC defect, indicating that even small residual amounts of a SAC protein can maintain the SAC if a strong checkpoint-activating condition is present.
The kinetochores: beyond microtubule attachment Kinetochores are complex structures that recruit up to 60-100 different proteins during mitosis. Kinetochores bind to spindle microtubules in the so-called outer kinetochore and bridge them to centromeric chromatin in the inner kinetochore. The presence of a single discrete kinetochore on each chromatid is instrumental for [1] . The components of the SAC become highly enriched at unattached kinetochores starting from late prophase and early prometaphase. Certain SAC proteins, including BubR1 and a subpopulation of Mad2 molecules, associate with kinetochores dynamically. Others, such as Mad1 and Bub1, associate rather stably [8, 9] . Cdc20, the target of the SAC, and the APC/C itself are also associated with mitotic kinetochores.
Importantly, the KMN network is strictly required for kinetochore localization of most SAC proteins, indicating that the microtubulebinding machinery of the kinetochore might exercise direct control on the localization of the SAC proteins [10, 11] . Indeed, several SAC components, including Mad1, Mad2, and Bub1, are progressively 'stripped' from kinetochores upon microtubule attachment.
What is being sensed?
One of the most intricate aspects of the SAC is the mechanism by which this device detects different checkpoint-activating offenses. It is well established that a lack of kinetochore microtubules results in SAC activation. For instance, the addition of nocodazole, which prevents microtubule attachments, potently activates the SAC. While the ability of the SAC to detect kinetochores devoid of microtubules seems rather straightforward and correlates with the recruitment of all SAC proteins to unattached kinetochores, a more enigmatic aspect of the checkpoint is its ability to distinguish between correct and incorrect attachments. For instance, the SAC remains active in the presence of syntelic attachments, in which the sister kinetochores are attached to microtubules emanating from the same spindle pole.
Many in the SAC field believe that the activation of the SAC in the presence of syntelic attachments reflects the fact that syntelic attachments are unable to generate tension between sister kinetochores. Inter-kinetochore tension is generated when sister chromatids are pulled towards opposite spindle poles upon achievement of bipolar orientation and can be visualized in the light microscope as an increase in the interkinetochore distance. However, it remains unclear whether lack of tension is actually sensed (e.g., by a mechanosensor) and translated into a SAC-activating signal.
Others in the SAC field support the alternative, and probably equally sensible, hypothesis that aberrant attachments such as syntelic attachments produce a disfavored geometric arrangement within sister centromere kinetochores that results in reduced microtubule occupancy and reduced microtubule stabilization. In this alternative view, tension (or lack thereof) is a mere consequence of the formation of correct (or incorrect) attachments but is not in itself the checkpoint trigger. More studies will be required to sort out this complex issue.
Microtubule attachment and SAC silencing
For anaphase to take place after the chromosomes have achieved bipolar attachment to the spindle and congressed to the equatorial plate, the SAC has to be switched off. The molecular basis of checkpoint inactivation, however, remains poorly understood. The 'stripping' of SAC proteins from microtubule-bound and tensed kinetochores by the minusend-directed motor dynein causes a decrease in the local kinetochore concentration of the SAC proteins, which might in turn decrease their ability to form a complex. Furthermore, direct binding of microtubules to the kinetochore-associated kinesin CENP-E results in the loss of activity of the mitotic kinase BubR1 in Xenopus laevis and might contribute to checkpoint silencing (reviewed in [1] ). Plausibly, microtubule attachment may down-regulate the activity of additional SAC kinases. In this context, it is worth noting that several mitotic kinases have been implicated in both checkpoint signaling and regulation of microtubule attachment, implying a deep element of integration between these two phenomena. It is possible that microtubule attachment causes structural rearrangements in the microtubule-binding complexes that either facilitate the release of the SAC proteins or negatively modulate their catalytic activity.
The SAC and apoptosis
In the absence of gross perturbations of spindle assembly and dynamics (as caused by spindle poisons, for instance), the immediate progeny of checkpoint-deficient cells usually remains viable, since chromosome segregation, even if not fully faithful, can still take place. Nevertheless, lack of the SAC invariantly leads to aneuploidy and cell death over time.
If the SAC is chronically activated, e.g., through the addition of a spindle poison, cells persist in mitosis for a range of durations that varies significantly among different species and cell types. The mitotic arrest, however, is not permanent. What follows seems to depend on cellular parameters that have not yet been fully identified. In several cases, cells 'adapt' and exit mitosis. This entails the destruction of cyclin B, which takes place even though the SAC is still active and 'unsatisfied'. As explained above, the outcome of adaptation is usually the generation of a tetraploid cell, particularly when cells are facing conditions that alter normal spindle behavior and prevent chromosome segregation. The postmitotic fate depends on the cell type itself. In the case of cells endowed with a functional p53 pathway, a G1 arrest followed by senescence or apoptosis may occur. In contrast, cells lacking p53 can continue cycling into the next S phase, giving rise to polyploid progeny [6] .
Besides adaptation, cells undergoing a prolonged mitotic arrest can also undergo apoptosis. This process is not fully understood, and appears to depend on caspase activation but not on p53. The phenomenon of mitotic cell death by apoptosis, known as 'mitotic catastrophe', is frequently observed when cells enter mitosis with damaged DNA due to compromised G2 checkpoints. It is also observed in the presence of 'unrecoverable' offenses, such as those caused by the addition of Polo-kinase inhibitors or by the inhibition of certain kinetochore and microtubule-binding proteins.
Concluding remarks
There has been significant progress recently towards the elucidation of the molecular basis of SAC activation. The realization of the crucial role of the KMN network in the recruitment of the SAC proteins to kinetochores casts a new light on checkpoint function, as it frames this function directly in the context of the microtubule-binding machinery of the kinetochore. It is often the case that the static, structural aspects of biological function (e.g., protein interactions) are unraveled earlier than the dynamic aspects (e.g., the specific cellular context that supports the interaction). While we are beginning to understand how SAC proteins are recruited to kinetochores, we still lack an understanding of the basis of the dynamic regulation of SAC function as microtubule attachment progresses, which likely entails protein phosphorylation and other protein modifications. It seems sensible to propose that the discovery of the molecular basis of kinetochore-mediated activation and inactivation of the SAC will arise from deeper investigations of the intimate relationship of the SAC with the microtubule-binding interface of the kinetochore.
Further reading
